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ABSTRACT

T i it 0

The purpose of this work was to test the feasibility of the concen=
tration profile concept for the detection of airborne biological materials,
The research was to include, but not be limited to: (a) the detection of
chemical compounds unique to microorganisms; (b) the development of methods
of analysis of such compounds sensitive to submicrogram quantities; and
(¢) the determination of the feasibility of performing analysis sufficiently
rapid to provide information on the chemical composition of organisms to
permit differentiation from other aerosol particulates.

Emphasis has been placed throughout this program on the use of gas
chromatography to fulfill parts (b) and (c) of the required research,
During this work, the following advances were made:

A technique was developed for the extraction of bacterial lipids with
simultaneous transesterification of thase lipids to methyl esters. This
technique has resulted in the extraction and conversion of lipids to methyl
esters in less Lhan five minutes, compared with previous methods which
required from several hours to more than iwo days. Conversion of the lipids
to methyl esters was found to be necessary because repeated atiempts to
chromatograph bacterial lipids at operating temperatures up to LOO°C were
unsuccessful, Moreover, the technique developed for extraction-transesterifi-
cation was fournd to be faster than any method of lipid extraction alcne.

Lipid methyl ester concentration profiles were obtained for eleven
mieroorganisms, ineluding two pathogens. Both spore formers and vegetative
bacteria were represented. The effect of nutrient, growth period, and
growth form were briefly investigated, It was found that families have
distinctive similarities in concentration profiles, but that recognizable
differences exist among species of the same family. The effect of drastically
changing the nutrient media was much less than expected, The change did
result in some slight, but recognizable variations in the concentration
profile. Mach greator differences, both in appearance of the concentration
profile and in the absolutse quantity of lipid present in the bacteria, were
noted when bacteria were harvested at different stages in their growth cycle,
For example, bacteria harvested during the log growth phase, when cell
division is proceeding at the fastest rate, were found to have more than
12 times the lipid content of bacteria in a dormant gruwth phase.

Some bacteria can exist in two forms: the normal, single bacterium
form and a filamentous form in which dividing cell walls fail to develop
during reproduction, The concentration profiles of two forms of such an

organism were not found to be significantly different, although some slight
differences were recognizable, v

Atmospheric background was sampled, measured, and analyzed for lipid
content, The background was found to be relatively constant over a three-
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varied from 2 x ZLQ—8 g/liter to 5.3 x 10'8 g/liter. On the basis of 1lipid
content (as estimated from gas chromatographic analysis), the biolqgisal
content of the atmosggere was determined to have varied from § x 10~

g/liter to 1.3 x 10"V g/liter. This would be roughly equivalent to a
variation of 1,000 to 15,000 bacteria/liter. These data do not take into
account an anomalous chromatographic response which was present in all back-
ground samples. The background sample gave a peak at the position normally
anticipated for a 022 methyl ester.

A chromatographic sagpling system, capable of hendling methyl ester
samples of less than 10-1 grams without loss, was designed and initially
tested, The principle of operation wss varified.

Several types of gas chromatographic columms have been investigated
for separating the methyl esters. These Anclude both polar and nonpolar
liquid phases, Although the polar liquid phazes provié@ better separation
and more completk differentiation, most of the work reported in this report
was performed with nonpolar liquid phase, SE 30 silicone rubber, The
silicone rubber was used because of the high operating' temperatures required
in certain experiments. These temperatures were far above the thermal -
gtability limlits of the polar liquid phases. - ’

Three types of detiectors were used in this s.udp. The thermal con-
ductivity detector was used as the "work horse" detector and all of the
concentration profiles were obtained with it. It does nct have, however,
the desired sensitivity. Two commercial hydrogen~flame detectors and one
commercial argon ionization detector were investigated. The Beckman
hydrogen=flame detsctor was found to have adequate semsitivity for the
deteghisations,;ﬁbh this detector, concentration profiles with as little
as 107" to 20  grams of bacteria were obtainable.

Both isothermal and programmed temperature operation of the chroma-
tographic columns were investigated. Programmed temperature chromatograms
are oasier to interpret than isothermal chromatograms becasuse of the very
great differences in the boiling points of the different methyl esters.

It was found that the optimum temperature-programming rate is inversely
proportional to the column diameter; thus, for very fast programming, Golay
colums appear to offer the greatesl possibilities,

Some preliminary investigations were conducted into spectrophoto-
metric, pyrolytic, and mass spectrometric methods of analysis.

This study has verified that the concept of the concentration pro-

file provides a feasible method for the detection and/or identification
of microorganisms.
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1. INTRODUCTION

This is the final report submitted in compliance with Contract
DA 18-064=CMI~2768 concerning the work performed during the period
1 July 1961 to 31 August 1962, The contractual effort is concerned with
demonatrating the feasibility of using the concentration profile concept
for the detection of aerosals of biological materials, This concept
is based upon two premises: (a) microorganisms have a different con-
centration diatribution of certain chemical compounds than other
biolcsical or organic materials which may form aerosol particulates
and (b) required analytical methods can be developed by which the
concentration distribution profile of the organisms can be distin-
guished, Therefore, the general purpcse of the program is to develop
sansitive methods of analysis for chemical compounds unique to micro-
organisms, and to test the feasibility of performing rapid analysis
to show the chemical composition of orgafisms. The overall program is
partly based on research by H. Wolochow.

The contractual effort was divided into four tasks., Each of these
tasks 13 discussed in the following paragraphs,

Task I consisted of planning the experimental program, literature
work, and proourement of materials,

Task II consisted of the investigation of two separate approaches
to the development of analytieal methods for establishing concentration
profiles, The first approach was based on gas chromatography. This
approach has been applied to the lipid portion of bacterial matter., The
gsecond approach was based upon sensitive and unique optical absorptions
or fluorescent emissions of the chemical compounds in biclogical materiasl
(spectrophotometric techniques).

Task III, which overlapped task II, consisted to the developmental
work necessary to show the combined operation of the gas chromatographic
methods developed in task II.

Tagk IV concerned preparation of the final report.

Qas chromatographic approaches have been found applicable to the
identification and characterization of a variety of chemical and natural
compounds, In gas chromatography, the rate of travel of a compound
through a specially treated tube (column) is uniquely dependent upon the
chemical and physical properties of the compound, as well as the properties
of a selective stationary phase with which the tube is treated.

At the suggestion of Dr. Benjamin Warshowsky, Project Officer, gas
chromatography was applled to the lipid portion of bacteria, Additional
short studies into the feasihility of spectrophotometric methods, pyrolysis
studies, and amino acid gas chromatography were also conducted,
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2.  BACKGROUND OF THE PROBLEM
2.1 Present Problems

The degree of infeetivity associated with certain microorganisms
requires thelr detection by feasible methods before exposure. Their
virulence 1is associated with the fagt that peotentially one organism
(mass of approximately 1012 to 10°15 grams) per liter of air under
optimum conditions can represent a toxic dose. This organism, being
a form of life, can multiply very rapldly; a critical infec¢tive state
can soon be exceeded, In practice, mlcroorganisms would likely be
found in higher concentrations (approximately 109 to 10~11 grams per
liter), The severity of the detection problem appears to_have begg
reduced by several orders of magnitude (cumpared with 10~+2to 10-
grams per liter), but present detection capabilities of sufficient
sensitivity, specificity, and rapidity for detecting the higher con-
centrationy are still several orders of magnitude removed from the
required detection methods. "Therefore, adequate detection schemes
still must be considered,

Various methods for the detection of airborne microorganisms are
available. None, however, possesses the necessary sensitivity,
specificity, and rapidity to be entirely adequate for widespread use.
Bioclinical laboratory methods which are usually of sufficient sensitivity
and specificity are intolerably slow because of the need for long
incubation periods, Instrumental methods designed to yield more rapid
results often do so at a great less of sensitivity and specifiecity.
However, some recent instruments have begun to satisfy the require-
ments; their development has progressed to the prototype stage.

Presently, two instruments exist which show potential for biological
aerosol detectlon: the Particle Size Analyzer and the Partichrome
Analyzer., It is redundant to give the characteristics of these devices
at thls time. They possess dlsadvantages, however, which seriously
limit their widespread use. Expanded research efforts on new detection
prineiples are required to establlish principles for new approaches
having greater capability, Such efforts must be oriented toward specific
goals if tho greatest advances in detection capabllity are to be realized
at the lowest cost to the Government. A novel approach involves exploit-
ing the bulk chemical properties of microorganisms in establishing a
unique Concentration Profile for each ¢lass of orpganisms (or more
hopefully, each pathogen). Identifications would be made by variations
in the profile. This concept will be described in more detail.

The concept of the Concentration Profile is original with Melpar
in its application to this detection problem, It is based on the report
of a study, "Detection of Airborne Microorganisms Througit Their Unique
Compcunds, " conducted by the Naval Biological laboratory, The study
indicated the likelihood that microorganisms can be identified by quali-
tative detection of their unique compositional compounds,
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The development of novel sensors for biological aecrosols requires
that the objects of the probe and the type of information the probe
must sense be sultably defined, The probe must detect the presence
of pathogenic microorganisms before they can infect to any extent
humans in the vicinity of the probe (a dosage of one microorganism
is the theoretical limit of infectivity). This means that the probe
must detect minute quantities of pathogens; in a short time it must
supply to a control station the information required to identify the
organism type and amount, The difficulties involved in the development
of such a probe are: (a) analytical techniques of sufficient sensitivity
are limited in number and (b) background noise levels are high for those
probes which do exist, Consequently, new schemes must be developed
to detect microorganisms and signal-to~noise ratios must be increased.

There are three main stages involved in the detection of particles
in an serosol: (a) sizing, (b) concentration, and (c) assay. Sizing
1s necessary to eliminate spurious material such as dust, pollen, and
lints, The pathogenic organisms are generally less than five microns
in diameter,?2 so particles larger than this will serve only to interfere
with assay techrniques end must be eliminated. Particles less than five
microns in diameter must then be concentrated in a much smaller volume;
this volume depends on the asssy method utilized. The concentrate
then needs to be assayed to determine the kind and amcunt of pathogens.

An additional problem is the occurrence of nonpathopenic organisms
in the atmosphere., Studies have shown that the number of viable organisms
present in a normal outdoor environment can be expected to vary con-
siderably.3 In one study, it was found that the number of viable
organisms varied from one organism per cubic foot to six organisms per
cubic foot from hour to hour. Another longer-range study showed a
variation from one organism per cublic foot to 30 organisms per cubic
foot from day tc day over a four-month period from February to June,

The number of viable organisms is greatest during spring and early

summer, These data indicate a background level of about 10-12 g,

or approximately one viable organism per liter of air. It would be
expected that nonviable organisms are present al much higher con-
centration levels. This could present a significant problem because
chemical and/or instrumental methods would assay both viable and nonviable
organisms in the particle-size range collected.

The orgunisms to be detected are spores (both bacteria and fungi),
vegetative cells, and virus, Detection of bacteria is a legser problem
than detection of vlirus. “lasses of bacteria have characteristic
compounds which could be . ! in a detection system, whereas sensing the
presence cf virus in host cells of unknown composition is exceedingly
diffieult.

Assay methods will depend on the bulk chemical, surface chemical,
or biological properties of the organisms, For example, the adsorption
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of dyes onto a baocterium involves a surface chemical property; the
presence of DFA in spore formers only is a bulk chemical property

and the ability of a bacteriephage to lyse E. ooli cells is a biological
property,

To be successful, a probe must include the following:

a, BSampling of large volumes of aerosol which can be concentrated
in a small volume without a significant loss of particles,

b, A quantitative assay technique capable of working with 10-8
gram of material or less,

o, An assay which will be specific to the class of organisms
of interest. For example, DPA or B-hydroxbutyriec acid is unique to
spore formers,

d. A process which is fully automatic,

2.2 conoegt of Concentration Profile

Melpar censiders that the NBL recommendation of sensitive qualita-
tive analyses for the detection of organisms through their unique com-
pounds can be expanded in developing a feasible detection method, This
method involves the quantitative detection of tihose compounds common
to several organisms or groups or organisms; the identification is
afforded not only by what is present but aloo by the quantity of
material present, This two-dimensional aspect relenses chemical
detection from the limit imposed by the requirement of unique compounds
only and opens a new horizon for investigation,

Qualitative analyses for detection of organisms through their
unique compounds provide a basis for rapid and specific responses,
Practical application of this concept is limited, however, by the few
instances in which unique constituents are associated with organisms.
A broader-based concept i5 required if chemical analysis is to serve
a8 the basis for the universal detection of biological materials.
Melpar considers that its concept of the Concentration Profile is
sufficiently extensive to provide for a practical utilization of
chemical analysis,

The oconcept of Conceniration Profile includes the use of quanti-
tative chemical analyses of sufficient sensitivity and precision to
identify several organiems which contain common constituents in varying
amounts, It is unlikely that any two different pathogens would yield
the same results, To provide for rapid identification, it would be
necessary to select many constituents which were common to a large
number of organisms and to analyze for those compounds simultaneously.
Because of the anticipated varistions in the concentrations of each
constituent in different organiams, it is possible that specific
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organisms can be identified through resultis ylelded by the several
analyses. Reference profiles for pathogens, nonpathogenic organisms,
and common background particulates of biological origin could provide
a detection technique with a high degree of specificity which could
ultimately be adapted to computer comparisons for rapid readouts,

Several apparent problems must be solved before the full potential
of the Concentration Profile can be realized, These include:

a, Variations in the concentration of specific compounds in a
specific agent are to be expected because of variations in the method
of culture,

b, Particulate medla on which agents are disbursed may distort
the agent profile,

¢, Mixtures of apents could pessibly produce spurious profiles,
These are a few of the most obvious problems,
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3, RESEARCH CONDUGCTED
3.1 Lipid and Fatty Acid Analysis

3.1,1 Extraction

Several solvents were used to extract the lipid components
from bacteria, These were (a) methanol-ether in a 3:1 ratio, (b)
chloroform, and (c) acetone.

Methanol~ether

A method described by Jamesl was modified slightly., The bacteria
and a 3:1 v/v mixture of methanol-ether were mixed and allowed to stand
overnight. The bacteria were removed by filtration and the soluble
extract svaporated to dryness in a rotary evaporator in vacuum at L{0-50°,
The residue was extracted three times with small volumes of petroleum
ether and the insoluble materlial rejected., A typical extraction of
Serratia marcescens indicated that 18 percent of the bacteria was soluble
in the methanol-ether mixture, but only L.3 percent was scluble in
petroleum ether. The petroleum ether soluble material represented the
lipid content of the hacteria, Bacillus subtilis ylelded 3.2 percent
lipid,

Chloroform

A chloroform-methanol mixture was used by Folch et gl.s to extract
lipids, ‘'he purpose of the methanol was to remove water from the material
so that the chloroform ocould successfully extract the lipid material,
Because we were working with dry bacteria, the methanol was left out
and only chleroform used. Results showed that the chloroform quantita-
tively removed the 1lipid materials, The chloroform extracts contained
L.5 percent of the Serratia marcescens and 3,22 percent of the Bacillus
gsubtilis,

Acatone

As reported by Anderson,6 the lipids can be separated into three
fractions with acetone, Anderson distinguished three lipld types: greases,
phosphatides, and waxes. The greases are soluble in cold acetone, the
waxes in hot (boiling) acetone, and phosphatides are insoluble in acetone,
When this separation was performed on the lipids of Serratia marcescens
only the cold extract remained clear. The hot extract precipitated on
cooling the acetone and the precipitate could not be dissolved again on
heating., Because of these diffieulties, the use of acetone for ex-
traction was not considered suitable,

It was concluded that chloroform provided the most satistactory
method of extracting the lipids from dry bacteria,
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3.1,2 Direct Gas Chromatography of lipids

Preliminary attempts to analyze the lipids extracted from Serratia
marcegcens were made using the device shown in figure 1. The lip
extract was placed in the cup, and the unit was enclosed in the air
bath oven of the gas chromatograph, The solvent was evaporated by
passage of the helium carrier has through the device at room temperature,
The solvent vapor was eluted through & silicone rubber/chromosorb column.
After all the solvent had evaporated and been eluted from the column,
the temperature was rapidly programmed to 250°C. No elution of the
iipids occurred, later, a 20 percent silicone rubber/chromosorb column
2 ft. x 1/L in, OD was carefully conditiocned to provide a column,
which was stable to L00°C, Chloroform extracts from Serratia marcescens,
Bacillus subtilis, Bacillus anthracis, and Pasteurella tularensis were
used, Samples representing 50 mg of bacteria (about 2 mg, 1ipld) wers
injected into the flash heater of the chromatograph at 425°C. 'The column
was temperature programmed from 125-400°C at 11°/min, No distinct
elution of lipids occurred. Beginning at 375°C, however, a steady
elution of material occurred, This was assumed to represent decomposition
products from the lipids., Prolonged heating (several hours) of the column
at LOO°C resulted in removal of these materials and the re-establishment
of column stability. On the basis of these experiments, it was decided
that conversion of the lipids to compounds of lower molecular weight
and higher vapor pressure would be required for successful chromatographic
separation and identification,

3,1.,3 Saponification

The saponification procedure used was that of J'ames.h The
diethyl ether-methanol lipid extract was refluxed with a fifty-fold
excess of 2N methanolic KOH for three hours in one experiment, and 12
hours in another. Then, the methanol was evaporated, the residue taken

up with water and extracted with diethyl ether after acidification.

Both the diethyl ether extract of the saponified product and the
methanol, which was evaporated, were examined by gas chromatography.
The amount of bacterlal extract used in the experiment reprezanted 50
mg of the original bacteria, No chromatographic response was observed,
1t is possible that insufficient sample was used and that chromatographic
operating temperatures were too low,

To conduct this experiment more thoroughly, the saponification was
repeated, starting with diethyl ether-methanol extract cquivalent to 150
mg of bacteria and 6.5 mg of petroleum ether-soluble lipid. Ten ml of
2N methanolic KOH was again used, and the solution was refluxed for three
hours, after which the solution was permitted to stand for 60 hours. The
methanol was vacuum evaporated and retained for examination. The
reoiduc was taken up with 10 ml of water uid vabracbed Lwice wilh 2 ml

of diethyl ether, providing an alkaline ether extract. The remaining

13
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water solution, when acidified with 2N HCl, became turbid. The :
acidified solution was extracted twice with three ml of diethyl ether, :
The water golution was cleared by the ether extraction. Both the !
alkaline and acid ether extracts were colored yellow. The second acide
ether extract was much fainter than the first, so these were not combined.
A sample evaporation and weighing of the first acid ether extract showed
nearly 1 percent golids content, equivalent to about the total weight of
extract uged in the experiment. A sample of the first acid ether extract
was evaporated on s salt disc to obtain an infrared spectra. A yellowish
resjdue was produced. Absorption peaks appeired at 1950-2750 om=l, 1540
em~L, 1250 om=1, 1090-1010 cm-l, and 790 cm™i, These were generally
characteristic of an acid, but they differed from the absorption in the
spectrum of the original bacterial extract.

The methanol fractlon and the first alkaline and acid ether extracts
ware examined chromatographically. The chromatographic colum consisted
of an 8 £t x 1/l in. OD colwm packed with 20 percent by weight of silicone
rubber on 60/80 mesh chromosorb W. Helium at a flow rate of 140 ml/min
was wsed as the carrier. The injector, colum, and detector were operated
at 350°C. Fifty microliter samples were used, and in the case of the acid
ether extract, the sample contained slightly less than 0.5 mg of solids.
Neither the methanol fracticn nor the alkaline ether extract produced a
chromatographic response, which is the expected result if saponifisation
is complete. The acid ether extract produced a very wide short peak
extending over a retention time period of a half hour.

Subsequent experiments with mixtures of known fatty acids (palmitic '
and oleic) confirmed the observation above that the fatty acids do not
chromatograph adequately on these colums, even at these very high
temperatures.,

3.1.4, Esterification of Fatty Acids

In general, esterification is a replacement reaction brought
sbout by either an acidic or a basic catalyst, Apparently, the only
exception to this is the use of diazomethane. Classical methods that use
acids or bases of moderate strength are slow, requiring several hours or
days for sultable yleld; the replacement reacticn suffers from water or
other solvent competition, A long list of the various acidic catalysts
in use has been compiled.! Several authors have studied esferification of
fatty acids and transesterification of triglycerides. Xura" studied direct
methanolysis of triglycerides with KOH in methanol, recommending 2l hours
for complete reaction, and Carter et al.,9 usi&s silver oxide with methyl
iodide, recommended 36 hours. StoITel et al.,' realizing the inhibiting
effect of water, shortened the time to‘?'hours, refluxing with methanol
and hydiggen chloride in an anhydrous system. More recently, Hornstein
ot al.,”™ used anhydrous methanol-hydrogen chloride reagent to reamct repidly
Wwith, and remove, fatty acids separated snd hcld by ion exchange resine
The preparation of fatty acid esters from the acids in a two-minute reaction,
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using a reagent made by bubbling bggon trifluoride into methanol, is
described by Metcalf and Sehmitz, along with references to the origin
of the reagent. A quantitative comparison of the four mosi ngsed reagents
for methylation of fatty acide was made by Vorbeck et al. 3 These
reagents ares diagomethane, methanol-hydrochloric acid sublimation,
methanol=hydrochloric acid with ien exchange resin, and methanol-boron
trifluoride. The methanol-hydrochloric acid methods are slower, and sube
limation causes loss of low-molecular-weight components, Diazemethane and
boron trifluoride reagents are the most suitable for rapid and quantitative
conversion. Most recently,Esposito and Swann-“4 reported on the use of
lithium methoxide in anhyd’rous methanol to transesterify carboxylic acids
in alkyl and polyestercoating resins, Transesterification of these
materials in two minutes was reported.

Methylation of Saponified Lipids

Most literature pertaining to procedures for methylating fatty acids
starts with the acid rather than with the glyceride. The boron trifluoride
technique was initlally tried on the saponified lipid extract to determine
its appliecsbility.

The following procedure was used for methylation of the fatty acids:
First, the lipids were saponified with methanolic KOH in the usual manner
as desoribed previously. The saponification mixture was acidified with
gulfuric acid and the fatty acids extracted with petroleum ether. The
ether f£rom this extract was evaporated, and the residue dissolved in
methanol., To 15 ml of the methanol solution of the fatty acids, 10 ml of
boron trifluoride ethyl-ether reagent was added. This was heated in warm
water for five minutes., After cooling to room temperature, the solution
was poured into 100 ml of distilled water. The mixture became turbid, and
it was extracted with 10 ml of ethyl-ether, The ethyl-ether layer was
washed three times with 25 ml protions of distilled water. The washed
ether layer was then used for gas chromatographic tests.

It was necessary to wash the ethyl-ether extract throughly with water.
Otherwise, a number of gas chromatographic peaks appeared which were not
caused by the lipid portion. Usually, three washes, when good boron
trifluoride reagents were used, were adequate. If the reagent was impure,
as many as seven or eight washes were required. '

Sesame 01l

This procedure was first tried on sesame oil because of its known
fatty acid composition. Figure 2 shows a typical chromatogram.

Serratia Marcescens Extract

The same btruatment was applied to the chloroform exiract of Serratia
marcescens from 2.L5 grams of the dry bacteria, Well-deiined chromatograms
Were obtained.
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Figure 2. Methyl Esters from Sesame Oil
Column: 6 ft x 1/4’’ OD containing 20% Diethylene Giycol Succinate on Type P
Chromosorb, 60/80 mgh. Isothermal at 223°C. Flow rate = 100 m1/min,
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Oleic Acid

A sample of technical-grade oleic acid was methylated with beron
trifluoride reagent. Figure 3b shows the chromatogram obtained. It
should also be noted that the material is quite 1mpure, as indicated by

‘the many peaks in the chromatogram.

Pimelic Acid

Pimelic acid, another fatty acid, has a low solubility in methanol
and 25 ml of methanol were required to dissolve a half gram of the acid.
A high degree of purity of the sample was indicated in this case.’

Diaminopimelic Acid

L

¢

This experiment was made to test the applicability of the method to¢
amnno acids. No esters were obtained. The diaminopinelic acid was nearly
insoluble in the methanol and remained suspended, but it dissolved upon:

addition of the boron trifluoride reagent. This indicates that the
technlque as described does- not work with amino acids. The subsequently
snecessful experiment (described later) with gliadin; & protein, is in "

- contrast to the results obtained here.

Boron Trichloride_EsterifiQation

Because of some of the difficulties encountered with .boron tri-
fluoride, such as the required extensive washing of the final ether layer,
the 1ncomplete conversion in some cases, and the refluxing required for
reaction, it was thought that a more active acidic catalyst, voron tri-
chloride, should work better. - Boron trichloride is a very strong acid and
reacts instantly with mcthanol. § i

‘Ligquid Boron Trichloride

- In the first experiment, it was thought that it mlght be possﬁble to
add liquid boron trichloride directly to the methanol. mgle of sesame
0il was dissolved in a 1:1 methanol-ether mix and cooled to-0%C. Liquid
boron trichloride at 0°C was added. After three to four drops of boron
trichloride were added, the generated heat ignited the solvents. After
extinguishing the flames, the solution was diluted with water and extragted
with ether. A chromatographiz 1 .:st showed that some methylation had
occurred, _

s T

Gaseous Boron Trichloride _ g

The experiment was reneated except that, in this case; gaseous’ boron

~ trichloride was bubbled dlr;vtly into the methanol solution for ten minutes.

In this and succeeding experiments, the procedure was the same as described
for boron trifluoride, except that horon trichloride was added instead of
boron trifluoride-ethyl ether, and no washing of the final ather extract
wWas necessary.
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Figure 3. Esterification of Impure Oleic Acid

Conditions: 6 . x 1/4 in. OD column, temperature programmed 76 to 350° at
b.6%min. 3% SR on Gas-Chrum (120/140) with frec olele acid present, helium

flow = 27 m1/min. Thermal conductivity detector at 330° and 100 ma. Flash

heater at 370°.

A. Direct methylation of impure oleic acid with boron trichloride in methanol.

B. Direct methylation of impure oleic acid with boron trifluoride-ether in methanol.
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Sesame 0il

The experiment was carried out with sesame oil dissolved in a 1:1
mixture of methanol and ethyl ether. Nearly complete esterification of
the oll was obtained. . In this and the succeeding experiments with gas.
eous boron trichloride, the reaction proceeded smoothly without violence
or overheating. '

Olelc Acid

The treatment was applied to impure oleic acid in methanol. Complete
conversion was obtained. {See figure 3a).

Serratia marcescens

The experiment was repeated with Serratia mercescens extract dissolved
in methanol. Well-defined chromatograms were obtained.

Bacillus subtilis

The same experiment wss conducted with -Bacillus subtills extracts
with satisfactory results.

In these experiments with boroh trichloride, the chromatcgraphic
patterns match the previous patterns obtained with horen trifluoride.

Comparison of BF3 ana 3013 for Methylation of Oleic Acid

The relative effectiveness of PCLB versus PF, on the methylation of

this free fatty acid was slso checked. No difference in effectiveness
could be found.

A test to comparc the reaction time for free acids vas conducted as
follows. A standard solution of oleic acid was prepared by dissolving
5.102 g oleic acid in 50 ml methenol., Five milliliters of this solution
were taken for each test. Boron trifluoride gas was bubbled into 5 ml of
methanolic solution of oleic acid for ten minutes; the extraction was
processed as ususl by pouring the solution into 50 ml distilled water and
then extracting with ethyl ether. The same test was repeated with the RF,
gas introduced only for two minutes, 30 seconds, and 15 seconds, respectively.
These four tests were repeated again using boron trichloride instesd of
the boron trifluoride. All the tests (A) resulted in identical chromatograms.
Both gases are very efficient catalysts for esterification of the free
fatty acid; they lead to complete esterification in 15 seconds,

3.1.5 Transesterification

Two basic factors are involved in the choice of a reapent for rapid
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transesterification., The effective acldic strength of the catalyst is
important because the stronger acids produce esters st a much more rapid
rate, Also, a high concentration of the combining entity (methanol), and
the absence of strongly competing substituents, particularly water, aids
the reaction rate considersbly, a8 well as shifting the equilibrium to
fevor ester formation., It might be assumed that boron trifluoride is the
best Lewis acid catalyst of the boron trihalides because, as Paulingl5
points out; the strength of these as electron acceptors increases with
decreasing atomic number of the halide. The situation is more complex,
however, and Gerrard snd Lappert16 discuss gnother very important factor
which ascribes a theoretical superiority to boron trichloride. Becguse
of the high polarizability of the boron-chlerine bonds, boron trichloride
reactions do not stop at the formation of corrdination complexes, ag is
the case with boron trifluoride. Instead, boron-organic compounds are
formed through ioni¢ intermediates. In the case of reaction with methanol
using BC13, a complex forms immedimtely and the postulated formation of

methoxy-boron bonds occurs to varying degrees with the release of hydrogen
chloride, The reaction is highly exothermic. Alkyl chlorides can also
be produced.

Reaction of boron trichloride with esters may invelve coordination
with the carbonyl oxygen followed by ~ither acyl oxygen or alkyl oxygen
fission. Sufficient information is nct availabls to outline in detajl
the mechanism of transesterification with boron trichloride. In eny
event, the greater reactivity of boron trichloride over horon trifluoride
for this purpose can be explained in terms of its behaving affectively as
a stronger lLewis acid, this gresgter acidity arising from polariration with
coordingtion. Boron trichloride will maintain the medium in an anhydrous
state.

Comparison cf B013 and BF3 on Lipid Transesterification

A comparison was made of the relative effectiveness of BF, gas and
BCl3 gas in the transesterification of a typical lipid, sesame 0ll. For
this comparison, 1.266 grams of sesame 0il were weighed into a 10.ml
volumetric flask and made up to volume with diethyl ether. [iqual
portions were then transferred with a pipette into reaction flasks. Next,
L ml of methanol were added and BClj or BFj gas was passed into the
solution for four minutes. One sample of each of the BCl3 and PBF treated

solutions was then allowed to remain at room temperature for 15 minutes.
Each solution was then added to 50 ml of distilled water and extracted
twice with S-ml portions of diethyl ether, The ether fractions were dried
over silica gel, and the volume condensed by passing dry nitrogen over

the solution., The solution was next transferred to a S-ml graduated
eylinder, the silica gel washed twiee with N.5 ml nortione of ether,,
and the washings added to the bulk., Finally, the volume was adjusted to
5 ml and then transferred to g 5-ml rubber-stoppered syringe vial, One
sample each of the BCIB and BF3 treated solutions was also refluxed for
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15 minutes. After this treatment, they were both treated in the manner
deseribed,

A separate sample of sesame oil was ssponified in 0.5 M sodium
hydroxide in methanol by refluxing for 1 hour at 65°C and then permitting
the mixture to stand for 12 hours st room temperature. It was added
to water and the unsaponifiable material extracted with petroleum ether,
The water solution was acidified with 6 M hydrochloric acld and extracted
again with petroleum ether. After evaporation of the petroleum ether
under vacuum at room temperature, the free acids were dissolved in 5 ml
of methanol and BCly was bubbled through the solution for 30 seconds.

The solution was then added to water, extracted with ether, dried over
silica gel, the volume adjusted to 5 ml, and transferred to a syringe
vial as with the preceding four samples.

Application to Lipids

Figure L shows the chromatograms obtained when equal portions of
BCl3 end BFy processed samples of sesame oll were injected inte the gas
chromatograph. A comparison of chromatograms A and B shows a slightly
better yield for the transesterification technique than for the saponification
method. It should be recailed that 15 second addition of RF, without re-
fluxing will convert fatty acids to the esters, The relative proportions
of oleic and linoleic acid are also slightly different. Apparently a
small loss occurred during saponification or the saponification was
incomplete, Chromatogram C shows the considerably lower yield cbtained
under equivalent trensesterification conditions with BF,. It should be
pointed out that quantitative transesterific.tlon can be obtained with
both reaggents; howover, RF3 requires a somewhat longer refluxing period.

Tests with other natural lipid materials, such as hutter, lecithin,
and beeswsx, were successful, showing that the BCl, transesterification

method is applicable to a variety of materials,

Methylat.ion of Aclds

A test to compare the reaction time for free aclds was conducted as
follows: A standard solution of olelc acid was prepared by dissolving
5.102 grais of oleic acid in methancl to a volume to 50 ml, Eight 5-ml
portions were transferred to reaction flasks. Boren trifluoride gas was
bubbled into one 5-ml portion for ten minutes snd then extracted as usual.
Similar tests were performed in which RF3 gas was introduced for two
minutes, 30 seconds, and 15 seconds, respectively. These four tests were
repeated with BCl;.

In the comparison of the speed of methylation with BCl, versus BF3,
all eight tests gave the same chromatographic response. The conclusion
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Figure 4. Comparison of BCls and BFa on Sesame Oil

Each chromatogram represents 0.51 mg. sesame oil. Column is 6-foot by 1/4=-inch
OD copper containing 20-percent diethylene glycol succinate on type P Chromosorb,
80/80 mesh. Column isothermal at 225°C. Helium carrier flow rate is 100 m1/min
A, Bel, added for 4 minutes, followed by 15 minutes refluxing.

B. Sapgniﬁed, Bel3 added for 30 seconds, no refluxing.

c. BFa added for 4 minutes followed by 15 minutes refluxing.

D, Bel3 added for 4 minutes with no refluxing.

BF g3 addition for 4 minutes with no refluxing yielded no methyl esters. 23




is that both gases are very eff1c1ent catalysts for ‘esterification of
the free fatty acidg; they lead to complete esterlflcatlon in 15 seconds.

Effect on Acid Structure

To test the p0351b111ty that BCl3 treatment might alter the structure
of an acid molecule, excessive treatment was applied to both a saturated
"acid (stearic acid) and an unsaturated acid containing two double bonds
(linoleic acid). If BCly causes conversion of unsaturated to saturated
compounds, polymerization, or alkylation, it is to be expected that these
changes wouid show up en the chrometograms resulting from excessive RCIB
treatment. In both cases, the acids were dissolved in methanol, equal
portions pipetted into volumetric flasks, and methanol added to make a.
5-ml solution. Boron trichloride was then bubbled through the solution
(with a reflux condenscer attached) for various lengths of time and for
various refluxing times.

Excessive BCliy treatment of saturated fatty acids did not result
irr auy degronse or increase in yield of the methyl esters. Excessive
treatment of an unsaturated fatty acid did, however; result in a decresse -
in yield of methyl ester, but no - 1inge in retention time resulted, nor
was appreciable conversion to the turated ester observed. Foron
trichloride evidently catalyzed the formation of high~boiling polymers
through double-bond polymerization; the polymers so produced were not
eluted from the column. Apparently, the loss noted during treatment of
. the acid does not occur during treatment of the corresponding triglyceride.
It con be concluded thet under the -conditions used for transester1flcat10n,
no significant change of structure occurs.

Application to Racteria

Lipid extraction from bacteria was conducted with a Soxhlet apparatus,
using chloroform as the solvent. Various periods of reflux time were used.
The chloroform was removed by evaporation with dry nitrogen before direct
transesterification, i -

: The fcllowing procedure was evolved for the direct extraction and
transesterification of bacterial lipids, using the -apparatus shown. in
figure 5. _ ,

ae  About 1/2 gram of bacteria was weighed and transferred to a
25~ml volumeiric flask; 10 ml of methanol and a glass-covered™magnetic °
stirrer were added,

b. The reflux condenser was attached.
c. The assembry was placed on the hot plate~stirrer and the

stirring rate adjustcd to prevent both localized overheating and settling
of the bacteria.
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Figure 5. Apparatus for Direct Extraction-Transesterification of Bacteria
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d. The BCl, delivery tube was inserted, with gas already psssing
through it at a Tate of ote gram of BCl, in two minutes. Although in

practice the tip of the gas delivery tube was placed about 1 mm below
the surface of the suspension, the gas delivery tube could remain above
the suspension during delivery, provided stirring was vigerous.

e. In gbout vne minute, refluxing began from the reaction of
BClg with the solution. The hot plate was then adjusted to maintain
the required tempsrature for refluxing. At the end of two minutes, the
B013 delivery tubs was removed from the solution and the has shut off,

f. The solution was refluxed for ten minutes.

g. The flask contents were transferred to a separatory fumnel
containing about 75 ml of distilled water.

h. The methyl esters were extracted with a 10-ml portion and
two S5-ml portions of diethyl ether, using centrifugation to aid in the
extraction.

i. The ether solution was dried by the addition of 3to05 grams of
silicu gel and the volume reduced by the use of dry nitrogen. This
treatment was necessary when using the thermal conductivity detector,
which is sensitive to water. On the columns that were used, watcr
trailed very badly and disturbed the pattern of thc chromatograms,

Jo The solutien was then transferred to @ S-ml graduated cylinder
with ether washings of the silica gel. Actually, after two washings of
the silica gel with ether, no detectable sdditional methyl esters could
be removed from the silica gel. A test showed that no loss of esters
occurred by treatment with silica gel.

k. The final volume was adjusted to the desired volume (usually
about 2 ml) with ether and transferred to 5-ml syringe vials containing
about 1/L gram of silica gel.

The samples were then injected into the gas chromatograph for
analysis. The samples injected contained an amount of esters equivalent
to about 25-50 milligrams of original dry bacteria.

This procedure represents a convenient and rapid means for conducting
studies of microbial composition. Figure 6 shows a comparison of the
transesterification technique using a direct suspension of the bacteria
in methanol and the technique involving Soxhlet extractions. It will be
noted that different proportions of fatty acid methyl esters result from
the two different methods. Furthermore, in this regard, the use of
ethanol instead of methanol (which forms the ethyl esters rather than
the methyl esters) also results in different proportions of the fatty
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Figure 6. D/Ieth».nol-BCla vs, Soxhlet Extraction

4 6 18 20 22 24 26 28 30

Conditions: column is 7 feet by 1/4 inch, 10% SR, 1% Sebacic acid on Chromosorb
Type W, 100/120 mesh, temperature programmed from 125° to 300°C at 5.8¢/
minute. Flow rate of helium is 100 ml/minute. The first 12 minutes of each
chromatogram 18 not shown. Reference marks are at l-minute intervals. Each
chromatogram represents 50 mg 8. marcescens.

B.

A. BCls gas added to methanol, 20 minutes refluxing.
BCI8 gas added to methanol, 10 minutes refluxing.

C. BCl, gas added to methanol, 5 minutes refiuxing.
D. 180 gxlnute Soxhlet extraction with chloroform followed by transesterification.
E. 90 minute Soxhlet extraction with chloroform followed by transesterification.
F, 45 minute Soxhlet extration with chloroform followed by transesterification.
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acid esters than with either direct methanol suspeneion or Soxhlet
extraction. (See figure 7).

Because of the resulis shown im the two preceding figures, an
attempt was made to add & good solvent for fats to the methanol suspensions
of bacteria to ald in the extraction of lipids. Diethyl ether wds used
in an amount equal in volume to the methanol used. For Serratia marcescens
only about 25 percent as much extraction-transesterification-occcurred
for this solvent mixture as when methanol alone was used. Similar results
were obtained with Pasteurells tularensis. Chromatograms representing
100 mg of each organism following this treatment are shown in figure R.
It will be noted by compsrison with a standard mixture of methyl esters,
that resolution was very poor also. Base line behavior was also indicative
of the presence of unesterified lipids or fatty acids,

As mentioned previously, lithium methoxide has been used to achieve
rapid transesterification. Attempts to apply thls method directly to
bacterial suspensions were only partially successful, although we digd
find that it is an effective transesterification agent for sesame oil.
This is undoubtedly caused by the fact that the reagent does not extract
the lipids from the becteria. In this regard, mixtures of ether and
methanol were used successfully in the transesterification of sesame oil
by BCl,, while similar sttempts using cyclohexane in methanol produced
only a very limited amount of transesterification. Accordingly, it is
concluded that the addition of these solvents interferes with, rather
than aids, the extraction-transesterification by BCly. The manner of
interference is not clearly understood and more work should be done in
connection with this point.

As far as we can determine, boron trifluoride has not been applied
to transesterification by previous investigators. The present work
shows that this reagent, as well as boron trichloride, can he used for
direct methylation of lipids, In addition, the boron.trichloride pro-
cedure allows a direct conversion and extraction of fatty materials from
bacteria. Boron trichloride is superior to boron trifluoride in the rate
of conversion in this application as well as in its extraction effective-
ness.,

The use of boron trichloride has other practical advantages also.
Boron trichloride gns does not combine with methanol at as rapid a 1ste
88 boron trifluoride. As a consequence, the addition of the gas through
a2 bubbler tube i3 more easily controlled without danger of the methanol
being sucked up the tube. It 1s not necessary to cool the methanol
before addition of the reagent. The heat of reaction provides the temperature
necessary to starl moderate refluxing immediately, and the solvent effect
of the reaction mivture allnws direct extraction of bacterial lipids.
Because of the dehydration effect of boron trichloride, the direct extrac.
tion and transesterification of bacteria does not rem~uire dryinp or
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Figure 7. 3013 gas vs. BCI3 -sthyl Ether Extraction and Transesterification

Conditions and Column same as Figure 8,
. 8 ml ethanol + 8 m1 BCl,-ethyl ether, 5 minute reflux
B 8 m1 methanol +8 mi B(?Is-ethyl ether, 5 minute reflux,
C. 168 m1 ethanol, 2 minutes BC13 gas addition, b minute reflux.
D. 16 ml methanol, 2 minutes BC13 gas addition, 8 minute reflux.
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Figure 8, Transesterification of Bacteria by BC13 Using a Mixture of Ether and
Methanol

Conditions: 2 ft x1/4’’ OD column, 3% SR on Anakrom ABS. Temperature

programmed from 1256°-390° at 7.9%/min.,

A, Berratia marcescens, representing 100 mg.

B. Pasturella tulerensis, representing 100 mg. 30

C., Comparison with mixture of methyl esters,
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lypohilization; it works as well with wet, freshly centrifuged bacteria as with
the dry bacteria, 7

Compaxrison of Extractioun Effectiveness

It was noted that different solvents (methanol, ethanol, or chloroform with
the Soxhlet extraction) lead to different ylelds of certain fatty acid methyl
esters, The greatest overall yleld oceurs wlth ohloroform as the solvent; this
yield variation is undoubtedly caused by differences in solubilities of specific
fatty acids or lipids in the various solvent systems, However, it is apparent
that the short methanol«BCl, extraction-transesterification procedure is as
adequate for detection or iaentification purpoges as the prolonged Soxhlet ex=
traction approach with chloroform, GChloroform in the direct BCl, method forms
a gelatinous compound of unknown compositiong consequently, it mlist be removed
before transesterification,

The advantage of using & prepared ligquid reagent, such as the BFj-methanol '
complex of Metcalfe, 2 wag recognized., The following tests were made with this ’;'i
in mind, Boron trichloride was bubbled into methencl and into diethyl ether to !
form the BClj-solvent complex. |

Methanol saturated with ]3(::1.3 was used in place of BCL_ gas reagent. The
results are shown in figure 9, 3

In diethyl ether e solld complex is formed when BClj is added to the ether,
This complex is soluble in excess ether, The complex waB diluted with ether in ‘
reallzing complete solubilization. About five times as much ether as BCla by
welght was used, This diluted reagent was used in place of BCly gas addition,

A comparison of the effeet of this ether complex when added to methanol and
othanol suspensions of baoteria with the addition of the pas dircetly to methanol
is shown in figure 10, Two mimutes of bubbling BCl, add slipghtly more than one
gram of BClj to the reaction mixture. Sufficlent B 13-ethy1 ether was added to
duplicate suspensions representing two grams of BCl,.” The rasults indicate that
the ether complex leads to the same iransesterificafion as does the direct add-
ltion of gas. The reactive nature of even the dilute ether complex is such,
however, that it must be slowly added to the methanol suspension over a period
of approximately one minute to avoid violent reaction,

The amount of transesterification is proportional to the smount of BCly
added to suspensions up to the point where an amount of BCl, is added which
leads to the complete removal of water from the mixture and”provides a slight
excess of BCly as a catalyst, Additional BClj then has no effect. Fxcess BCly
beyond the proportiocnal region mey result in unwanted side reactions, particularly
with unsaturated acids, The presence of water causes a shifting of the equilibrium
to favor the fatty acids rather than the methyl esters, VAith insufficient BCl3,
completely anhydrous conditions are not attained, and a lower yield of methyl.
esters 1s observed. The BCl, ether complex does not retain its activity at room
temperature, Storage for L Weeks at 25Cresulted in a 50% loss in activity,
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P Figure 9. Transesterification with BC14 Pretreated Methanol

Each .hromatogram represents 0.51 mg. sesame oil.

| Column and conditions the same as in figure 10,

| A. BClg for 8 minutes with continuous refluxing.

‘1 B. Methanol saturated with BC14, 15 minutes refluxing.
! C. Methanol saturated with BC13, 5 minutes refluxing.

D. Methanol saturated with BC13, no refluxing. 32
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Figure 10, BCI3 gas vs, BC13-ethy1 Ether Transesterification

Conditions: 6-foot x 1/4-inch OD column, 20% DEGS on Type P Chromesorb,
80/80 mesh, isothermal operation at 225°C., Helium carrier gas flow rate

is 100 ml/min, Each chromatogram represents 1,36 mg sesame oil. Reference
marks every 2 minutes, Ether peak atteuuated 1/1024,

A. 4 ml ether, 6 ml methanol, 4 minutes BCls gas addition, no refluxing.

B. 4 ml ether, 8 ml methanol, 4 minutes BC13 gas addition, 16 min, refluxing
C. 4 ml ether, 6 ml methanol, 2 ml BCls-ether reagent, no refluxing.
D. 4 ml ether, 6 ml methanol, 2 mi BCls-ether reagent, 15 min, refluxing.
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' These results indicate that BCl, gas is preferred for the transesterification.

" becauses (a) the gas is eagily hn&dieé., (b) the sddition of the gas involves less
hagard than addition of the ether cemplex, and (o) the ether-camplex cannot be
stored at room temperature, Furthermere, since the amount of BECl3 required is

r‘ proportional to both the amount of methanol used in the extractiof-transesterifi.

cation and to the gas delivery time, decreasing the amount of methanol will shorten
the length of tubbling time preporticnally. In all cases methanol is required in
relatively large excess coempared to the lipids extracted,

Because 3013 reaction with methanol goes beyond the formation of a coord-
ination compound; the preparation of the BCl,-méthanocl mixture is not effective.
Methanol saturated with BCl, wes found to préduce a limited 1lipid trensesterfi.
cation; its effectiveness 1% quite low when compared with gaseous BCl3. The
direct addition of liquid Bcl3 to coolsd methanol ia not suitable because violent
eruption and ignition of the methanol oeccurs,

s 3.2 Bacterisl Work

3.2¢,1 Crowth Technique
Seven nonpathogenic bacteria were obtained from the American Type culture -

Collection, 2112'M Street, N, W,, Washingion, D, C, These were Micrococcus ureae,
QGaffkya tetragena, Escherichia freundii, Aerobacter cloacae, Klebsiella aerogenes ’
Proteus vulgaris, and Escherichia coll, 1Ihese were grown by the technique to ve :
described, Four additional baoErIa, Serratia mercescens, Pasterurella tularensis, i
Bacillus subtilis, var. niger, and BacIllus anthracis, were obtained in dried -
Torm from the U.S. Army E%cal Corps, Biological Lavoratories, Ft. Detrick, Md.
The latter two were in the spore form, The growth media for these is not known, 4
For the others, the culture media used was elther Trypticase 3oy Broty (TSB) or

o Koser Citrate media (KOM), obtuined from Baltimore Biological Laboratories,

: Beltimore, Md, These were chosen tacaunse the; were free of lipids, The TSB was

‘ analyzed for lipid content; and this oontent was found t» be 1ass than 0.2 per-
cent, The XQM is a totally synthetic media containing only citrate as a source
of carbon,

The bacteria were grown in the gpparatus shown in figure 11, It conaists
of a 2,8 liter culture flask to which has been added a 25 watt or 50 watt aquar=-
iumetype tube immersion heater capable of controlling the temperature within
£10C, an air-bubbling tube, and a port with a serum cap for sterile injection
and removal of bacterial samples, The flask is capped with an inverted beaker,
Millipore filters were used to sterilize the alr supplied by the laboratory air
line. Sterlilization was effected either by conventional suitoclaving, or by adding
liquid ethylene oxide (bd 10.7°C) at the rate of 5 ml, per liter of nutrient and
allowing 1t to sit undisturbed for two to four hours at revom temperature, followed
by overnight bubbling with 20% ethylene oxids, 80% carbon dioxide at incubation
temperatures, This step was then followed by aeration for L8 hours by bubbling
air through the mutrient solutior, When conventional autoclaving was used, the
air lines were sterilized before and during the connection by a flow of the
ethylene oxide~carbon dioxide gas mixture.
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Figure 11, Culture Flask for Growing Small Batches of Bacteria
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After establishing the sterility of the mutrient solutions by observing
} no growth during L8 hours of air bubbling, pure cultures cbtained from the
; imerican Type Culture Collection were added to the nutrients. The cultures
could then be maintained from flask to flask by extraction and injection with
) sterile syringes.

After the growth of the bacteria was campleted, the culture was centrifuge !
at LooO g for gr;inutes'. The sedimentéd bacteria were resuspended in 1 percen’
solution KCl and recentrifuged, The baoteris were then taken up in a small

| amount; of distilled water, frozen in a dry ice-acetone bath, and lyophilized.

i Temporary smears obtained during the growth were examined under the microscope
to determine the appropriate morphological characteristics and the purity and ,
) identity of the culturs. No further tests were made to verify the identity of
— ; the bacterila, B

=
3
-
%

S——

—

i , ~One flask (about 2.5 liters) of nutrient would yield up to 3 gms of bacteria
s (dry weight) for TSB and up to 1 gram for XOM, J

e 3.2,% Chromatographic Patterns Obtained From Bacteria

e Bacterial lipid chromatograms, grouped to shown the similarities between
family members, are shown in fipure 125 the differences between famllies In |
figure 13, and dhe differences hetween individual species grown on two radically
ditfferent culture media are shown in figure lli, Two growth forms of Klebsiella
aerogenes are shown in figure 15, The Klebsiella aerogenes was induced To grow
in a modified form (filiform) through the incomplete removal of ethylene oxide
from the nutrient, as well es in its normal encapsulated form, ’ i

Figure 16 shows a comparison of the patterns obtained from Escherichia coli
at different growth stages,

The Escherichia coll were harvested about mldway through the logaritimic
growth phase, near its end, and two days after its end to compare the lipid
patterns of eash growbh peried, :

Apparently, the amourt of unsaturated Cig lipid decreases and that of sat-
uratad C i lipid increases as the growth period increases, Also, the 01§, ,
and Gy } pids undergo a change in quantity. Another sipnificant change, notéd
from the quantity of bacteria required for each chromatogram, is that the bacteria
harvested earlier have a much higher lipid content., The qualitative patiern type
remains the same throughout the growth perilod, and mieroscople observatlon shows
no change in morphology.

It becomes evident that each species has a unique pattern if grown on similex
nutrient medla., The pattern type remains the same regardless of mutrient media,
but the relative amounts of each lipid in the bacteria differ with differing media
and with different growth stages. The chromatograms also suggest that each
family has a distinetive pattern type which can be recognized without difficulty,
The sxception tu tldm is lhe case of the Bacillaceae members subtillis and
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Figure 12, Comparison of Genus Differences in Family Entercbacteriaceae

Each chromatogram represents 26 mg. of bacteria, dry weight. Column is

18 feet % 1/4 inch OD copper containing 3-percent Apiezon W on Anakrom Type
ABS 160/170 mesh. Column temperature programmed from 125° to 300°C at
5.6°C/min. Fatty acid chain lengths corresponding to normal acids are shown
by subscripts.

A.
Bl
C.
D.
EI
F‘

Kscherichia coli grown in TSB,

Serratia marcoscens grown in unknown nutrient media.
“Proteus vulgaris grown in TSB.

Escherichia freundii grown in TSB.

Acrobacter cloacae grown in TSB.

Klebsiella aerogenes grown in TSB,
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Figure 13. Comparison of Family Differences in Class Schizomycetes

Conditions and Column same as Figure 12, |
A. Parvobacteriaceae, Pasteurella tularensis, nutrient unknown. }
B. Enterobacteriaceae, Escherichia coli grown in TSB. ‘
C. Bacillaceae, spore form of Bacillus subtilis nutrient unknown.

D. Bacillaceae, spore form of Bacillus anthracis, nutrient unknown.

E. Micrococcaceae, Gaffkya tetragena grown in TSB. 38

F. Miecrococcaceae, Micrococcus ureae grown in TSB.
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Figure 14. Comparison of Growth Media Effects

Conditions and Column same as Figure 12.
A. Escherichia freundii grown in TSB.

B. Escherichia freundii grown in KCM.
C. Aerobacter cloacae grown in TSB,

D. Aercbacter cloacae grown in KCM.
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Figure 15. Compatisuu of Growth Form Effects

Conditions and Column same as Figure 12, Ether peak attenuated 1/1024.

A. Kiasbsiclla aerogenes, normal capsular growth.
B. Klebsiella aerogenes filiform growth. Both grown in TSB.
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Figure 16. Comparison of Pattern for Different Growth Periods of Escherichia
Coli

Conditions and Column same as Figure 12.
. A. Bacteria left in nutrient at incubation temperature for 2 days after
i, completion of log-growth phase. Chromatogram represents 80-mg. bacteria
’ dry weight,
B. Growth interrupted near completion of log-growth phase. Chromatogram
L represents 33-mg. bacteria, dry weight.
C. Growth interrupted half way through log~-growth phase. Chromatogram
represents T-mg, bacteria, dry weight.
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anthracis, whose patterns are not closely similar. This may be because only the
apore forms were uged.

It has been shown by Mndersan® on the basis of chemical studies on geveral
gtrains of bacillus that each strain produces a lipid composition peculiar to
itself, and that although the compositions are not identicsl similarities be-
iween strains are shown, The work reported here further indlcates the appearance
of family resemblances, It 2lso establishes the validity of the concept of the
concentration profile,
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3.3 Spectrophotometric Methods

/ 3.3.1 Introduction

: A completely separate approach to the concentration profile technique is .
; the lavestigation of spectrophotometric methods for the sensitive and characterw -
s 40 istic analysis of components of bacteria and spores, In general, thls work has
: ) been of an exploratory nature in evaluating the possibilities of this approsach,

3.3.2 Work Accomplished and Conclusions

-

Literature Survey:

Acid Hydrolysis of Nonprotein Constituents

A literature survey has revealed that short~time exposurs to acid con. ‘
P verts several constituents normally found in bacteria cells, cell walls, or j
i spores into compounds which can direetly, or through the action of additive
reagents, be determined Yy spectrophotometric methods, These constituents ares
B (a) dipicolinic acid (DPA), (b) 3-Hydroxybutanoic acid (HBA), (¢) nucleic acids,
i and (d) carbohydrates.

Dipicolinic acid, which appe.rs to be unique to bacterial spores or sporgs
forming bacteria can be completely liberated by boiling in acid for 15 minutes ../
Diplcolinic acid has the more-or~less typicel ultraviolet gbsorbance spectrs
agsociated with pyridine and pyrldins derivatives, This spestra shows sn abgsorb-
ance maximum at 270 mau under prescribed conditions with a molar absorptivity of
L5 x 10 a.gd is, therefore, capable of being used directly for microgram dstor-
minations,10 In addition, the compound develops a yellow color when allewsd to
camplex under sultable conditions with ferrous irom, However, the moler absorp-

tivity 25 this method would only be 15 percent of the ultraviclst abscrbance
method.,

Poly-J-hydroxybutanoic acid, a polymer found in bacterial cell walls, ia
degraded to the memomer and then dehydrated to crotonic acid by ten mimutes
heating at 100°C in concentrated sulfuric acid,® Crotonic acid also has a
- unique ultraviolet absorbance spectrum in concentrated acid, The maximum absorb-
. ance occurs at 235 mu in 80-100 percent sulfuric acid and has a molar absorbance
index of 1.55 x 104, This method would be sensitive to microgram quagtities,
Other methods for determining this polymer are the gravimetric method=* and a
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turbidity methad_,zz neither of which possess sensitivity of the ultmviaie%
sbserbanee methed, o

Acoording to several reperts, nucleic acids, when heated with hydrochloric
acid at 100° for 30 to 60 minutes, liberate reproducibly pentosesy the penitoses
are subsequently converted to furfural, Furfural has a unique ebsorption épectrum
in the wltraviclet with a reported maximm at 278,5 mu., It is sufficiently

_volatlle to be distilled uit%ateam from the acidy distillation has been used for

its collection and analysis,

A simpler mothod involves the addition of one of several colored reagents
to the micleic acid solution, The nucleic acid~reagent reactlon leads to a less
volatile colored compound; the decrease in color intensity is measured colore
imetrically ox spectrophotometrically., Bffective resgemts of this type ares re.
gsoxelnol, ercinel, phloroglucinol, anil.%ﬁeé 5xylidine,, and benzidine, as well as
certain derivatives of these compoundes,<t- Several c¢f these reagents react to
give colored compounds which are inseluble in agueous solutions, tut which can
be extracted and concentrated with suitable solvents such as iscamyl alcohol.26
Others, like aniline, do not develop swilable color, except under defined cond-
itions.®L The nature of most of these reactions is not zlearly understood, but
these reactions are probably similar to the reactionz of benwaldehyde in the pro-
duction of dyes (for instance, the reaction of benzaldehyde in the presence of
hot h})'d.sgchlor:i.c acild and zinc chloride with dimethylaniline gives Malachite
green),?

Carbolydrates arzs hydrolyzed to simple sugars and sugar derivatives in less
than 30 mimutes by concenjrated hydrechloric acid and heat and then converted
to furfural derivatives,2 Hexoses yield S-(hydroxy.methyl).furfural, while
6-deoxyaldehexoses yield S-methylfurfural, These compounds ars not volatile with
steam as iz furfural, and they weact with several of the apsnts with which fure
fural reacts tov ylelild compounds with visible and U,V, specira differing signe
ificantly from those associated with furfural reaction products, TFor example,
thy absorbance maxima of the orcinol reaction product with pentoses in hydro=
chlorie acid in the visible spectral region are at 670 mu end LS50 mu, while the
reaction produch with hoxoses glves peaks ab 520 mp and LS50 my, DBecause of
these differcnces, hexoses and pentoses may be determined simelbanecusly,e?

The molar absorbance indices of two hexose reaction product: ab 250 mp are
consliderably lowsr than the molar absorbancy index for a hypi-al pentose re-
action product at €70 ny. Some valuss, calculated from published sbsorption
spgsr_stra of the reaction products of the fo].lmging sugars ave: fructose = 1 x
107, glucose « 2,2 x 104, and xyloze » 3 x 107, These daifferenses are probably
caused by the fact bhat hexose r;onjgénucs t0 react dr acid sclubion to form an
oxidation product, levuiinic arid.*” The addition of the colevimetric reagent
before heating may inhibit this latter oxidatior,

L3

e
B
!*f
i
i
!
i




o TR Y TR YT

s B e ate

Acid Hydrolysis of Protein Gonstiiments

Canplete hydrolysis of proteins to their constituent aminoe acids is genw
erally acoemplishéd by hesting the protein with S to 20 timgs its weight of 3N
to 12N hydrochleric acid at 100° to 120° for 3 to 4O hours,”0 In general the -
amino acids are stable under these conditions with the. exception of t#fyptophan,
oysteine, serine, and threonine, Partial hydrolysis begins immediately on -ex-
posure to acid (or base), There is a possibllity of attaining a more rapid
hydrolysis of proteins through the use of ioneexcheange resins which catalyae the
hydrolysis, For instance, Dowexw50 was roggd to be 115 times more effective than
an equivalent amount of hydrochloric acid, The hydrochloric acid concentration
against which this comparison was made was 1IN, No data were provided from which
the resin catalyzed could be compared with that for concentrated acid, It is
concelvable that more active catalysts can be found, It is of interest in this
regarga'bo note that certain bivalent cations catalyze the hydrolysis of ribonucleic

acld, There is a possibility that these same cations may specd the hydrolysis
of proteins as well,

Experimental 1
Ultraviolet Absorbance of Dipicolinic Acid

Although dipicolinic acld has been extracted from spores Ly treatment with
hot acid, no absorbance spectra have baen reported for this meierial in the
presence of acids, It has been found that dipicolinic acid has a unique absorp-
tion spectrum im concontrated hydrochloric acid with strong peuks at 215 mu
and 278 mu (figure 17). Hydrochloric acid concentrations between 20 and 37 per-
cent result in a progressive shift of the absorption maxima, lut by no more than
2 mp. Hydrochloric acid concentration near 27 percent affects the absorbance
to the greatest extent and a 30 percent acid cancentration leads +o minimum
absorption, The relative difference between maximum and minimum absorption at
a particular wavelength is the order of 15 percent,

The absorbance of dipicolinic acid follows Beer's law over the range from
1 x 10™° M to &t least, 1l x 10~%4 M with molar abzorbance indexes of §.22 x 103
at 278 my and 9.6 x 10° at 215 mp in 37 percent hydrechloric acid, The absorb.
ance at 215 mu is affected by slight variations in effective hydrochlorie acid
concentration which might exist between the reference and smple, and it is not
as reliable for quantative determinations, Heating to ome hour has no effect
on the absorption spectium,

For the studies on dipicolinic acid, a commercially obtained product was
recrystallized from boiling water, dried under vacuume. Welghed quantities were
dissolved in concentrated hydrochloric acld and then diluted to the desired
concentrations with concenirated hydrochloric acid., For studies on the effect
of heating of dipicolinic acid (and all the materials reported below), the de-
sired concentration was made up in a2 100 m1 volumetrie flask; the flask was
immersed in a boiling water bath, Samples were withdrawn using a 5 ml pipette
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Cuncentration 0.020 mg,/ml., 1 cm. path length celis.
Solvent: A. distilled water

B. 95% ethanol

C. Concentrated HC1
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from the flask at 5, 10~, or 60-minute intervals, depending upon the study
 involved, The sample was cooled to room temperature and its spectrum was re-
corded with the B & L Spectronic 505 using concentrated hydrochloric acid in
the reference beam, :

- In the studies on the effect of hydrochloric acid concentration, a stock
solution of dipicolinic acid was prepared in concentrated hydrochloric acid .. .
and 1.00 ml samples were placéd in 10-ml volumetric flasks, A measured quantity
of distilled water was added to each flask, and a duplicate amount of water was
added to an empty 10-ml volumetric flask., The flasks were then made up to volume
with concentrated hjydrochloric acid. The solution in the duplicate flask con-
tained an equal quantity of water, but no dipicolinic acid was used as the re-

ference, v ,

The ultraviclet absorption spectra of dipicolinic acid was also obtained
using distilled water and 95 percent ethanol as the solvent. These spectra
- are also shown in figure 17. ; ' '

Reaction of 3-hydroxybutanoic Acid in Concentrated Hydrochloric
Acid . |

In experiments with 3-hydroxybutanoic acid, using concentrated sulfuric -
acid at 100°C, the following results were obtained: Immediately after dis-
solving commercial 3-hydroxybutanoic acid in concentrated hydrochloric acid,
the compound exhibited a single gbsorption maximm at 256 mu with a probable,
molar absorbance index of 5 x 10°, Within five minutes after dissolving and
with the solution still at room temperature, two absorption maxima were present,
These were at 256 mu and 127 mu, The latter absorption increased during the
first 60 minutes. Continued heating for more than five hours did no% result
in complete conversion to the new compound which was assumed to be crotonic
acid, Assuming the crotonic acid conversion to be 95 percent complete after
five hours, the molar absorbance index was calculated to be about 1.3 x 103,

It is quite apparent from these results that absorbance of the hydroxy
acid is too low to provide a sensitive spectrophotometric analysis method.
Conversion to crotonic acid increases somewhat detection sensitivity. The
conversion to crotonic acid is not of sufficient rapidity in concentrated
hydrochloric acid to take advantage of the higher sensitivity afforded by its
intense peak, At present, it would appear that any micre amalysis for the
hydroxy acid should be based upon the separation of the poiymer and the sub-
sequent reaction of the polymer with concentrated sulfuric acid, ' '

Reaction of Hexoses and Pentoses in Concentrated HydrochlorigeAcid

Several sugars were dehydrated in an acid solution containing 15 percent
hydrochloric znd 10 percent sulfuric acids by volume. The dehydration was
carried cut in a boiling water bath at 100°C. By extracting samples at 5- or
10~ minute intervals it was found thats (a) ribose is converted to furfural
in 6C mimutes ¢ three minutes., The furfural shows absorbance maxima in this
solution at 283 mp and 232 mp with a molar absorbance index of 9,3 x 103;
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(b) the reactian is complete in teh minutés & thiee minutes and is folléwed by
Tepid conversion te lewulinic asid, Levulinie acid only is present after 60
mimntes, The spectra of the S.(hydwroxymethyl) furfural is similar to furfural
with absorption maxima ocourring at 235 mp and 286 mps (o) the corversion of
both galactose and glucese to S-(hydroxymethyl) furfural and the further oxid.
ation to levulinic acid appears in both cases to prooceed at very mearly the

same rate; (d) and more than three hours are required for the reactien %o be
complete, No slgnificant ancunts of the furfural derivative were detected
spectrophotometrically at any time during the dehydration of glucose or galactose,

Gas Chramatographic Study of Protein Amino Acids

In spite of the failure of the boron trifimoride esterification treatment:
of the amine acid, diaminopimelic acid, an exploratory exveriment was performed
to see whethor the formation of methyl esters could be cbsexved with a protein
hydrolyzate, Wheat gliadin was obtained from California Biochemical Research

" Laboratories. This is a purified protein made up of 13 amino acids,

4 small porticn of the glladin was sealed in a glass ampule with concent.
rated hydrochloric acid and heated at 200°C for ten mimutes, The resulting
sample was placed in methanol and treated with boron trichloride, ag in the
provious boron trichloride work., The resulting chromatogram showed at least
13 peaks, Iuwuay be concluded from this cxperiment that at least a partial
methylation of some of the amino acids was obtained with boron trichloride,

B-Hydroxybutyric Acid Oxidatlon to Acetone

Behydroxybutyric acid can be oxidlzed with potassium bichromate and syl
furic acid to acetone, To be able to use this reaction in connection with a
gas chromatographic technique, an attempt was made to react the acid with solid
Cr0, supported on inert materlal such as alumina. The polymer of the acid is
goluble in chloroform, glacial acetic acid, pyridine, and octyl aleohol, Glacial
acetic acid was chogen as the solvent for this system, In a small distillation
spparatus, 15 g of activated alumina (20/30 mesh) was added to the filask, and a
10 percent solution of Cr0, in glaclal acetic acid was then added, Then, the
flask was connected to a cold finger and heated with an oil bath wntil all +he
acetic acid distilled off, leaving dried alumina which was colored orange, Next,
the thermometer was lifted and, with a syringe, 2 ml of glacial acetic acid
containing 0,1 percent B-hydroxybutyric acid was injected in the flask and the
thermometer returned, The distilled acetic acid was dirawn off wibh the side tube
and stopcock,

To detect the acetono produced, six drops of the acetic acid solution was
diluted with 20 ml of distilled water, and 2 ml of L0 percent NaOH solution
were added, Then, two drops of 10 percent salicyl aldehyde solution in ethanol
were added and mixed, If acetone is present, dihydroxydibenzol acetone is
formed and this compound has a red color, A blank was prepared in the same
monner uging giv drapg of tha acetie acid, which was drawn off after tho add.
ition of the CrO2 solution to the alumina, The sample gave a dork orenge~red
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color compared to an orange eoler of the blank. This showed that the acid ocan {"
be transformed to acetone in a seolid reactor, The advantage of this feature ]
over the campetitive solution cGiiveraion in potassium bichremate and sulfurio 4
acid ls apparent when such a ma'bhod must be designed for field use, E
To study 1L the rea.otion is fast, the same test was repeated, tut the first i
three drops of agetic acid were used for the acetone tests thiz test was also k|
2

"l i

positive for acetone,

3. Pyrolysie Studies:

A 25 mg sample of Serratia marcescens was placed in a fused silica tube,

gealed ab one end, and sovared With silicone cerbide, A sbopcock was connected 'l

to the other end, The tube was evaduated and hydrogen ras was admitted to a
pressure of approximately 200 mm Hg. The end of the tube containing the bacteria
and silicon carbide was heated in & gas-oxygen flame to white heat (ebout 1200°C),
Some waxy material condensed on the upper portions of the tube, The room-temper-
ature, volatile-pyrolysis products were then analyzed by mass spectrometry and gas

chromatography.

Figure 18 shows a typloal mass spectrum obteined at an ionizing voltage of
15.5 ev, This ionizing voltage essentially eliminates oxygen, nitrogen, and
hydrogen from the mass spectrum and simplifies the spectrum®3 so that the comw
ponents can be ldentified more readily, From this spectrum, it was concluded
that the following components were presents carbon monoxide, methane, othane,
ammonia, water, butane, and carbon dioxide, Some hd.gher-molecular-weight s Ull=
identifisble materials were also present,

A gase30lid chrometographic analysis was also performed on thesc products,
This ohromatogram is shown in figure 19, A Linde 13X molecular sieve column was
temperature programmed as shown in this illustration, Identification of the
eluted components was pogitive and showed the components to be (in order of
abundance)s cerbon monoxide, carbon dioxide, methane, ethane, and butane, Water
and ammonia are not eluted as distinet peaks from molecular sieve colwmns, nor
are higher-molecular-weight components eluted at these temperatures,

3.5 Atmospheris Background

Electrostatic precipitation of airborne particles was accomplished using
a Micronair Blectrostatic Precipitator (Precipitator Corporation of America)
and a gimilar unit tuilt at Melpar (figure 20). This unit has an airflow of 3
million liters per day and appears to collect at 100 percent efficlemncy, Several
suburban locatlons near Washington, D.C,, were sampled. Sampling was conducted
at various times from the latter part of May through August, WNo attempt was
made to correlate the concentration of airborne particles with corresponding
weather conditions.
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Figure 18. Mass Spectrum of Pyrolysis Products from Serratia marcescens ‘
|
Conditions: pyrolysis, 1200°C under Hy, |
Mass Spectrometry: at ionizing voltage of 15.5 ev.
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After collecting for an allotted time, the precipitator was dissssembiled,
cleaned with acetone, and the acetone evaporated at reem temperature, -The
acetone solvent was necessary to achieve complete removal of the oollected
material from the collecting plates, After evaporation of the acetone, the
material was weighed, transferred to the apparatus shown in f£igure 6 and an
extraction=transesterification performed using BCl3 in the manner described
previougly for bacteria, Chromatograms were then obtained,

In another test, mleroscope slides wera placed on the collecting plates
for the allotted collection time, These were spaced in line with the alrflew
to determine the efficiency of coilection as well as to provide an identification
of the types of particles collected. The collected material was fixed to the
slide with gentle heating and stained wibh methylene blue, -

The results indicated that a%ospheric background concentration during the
period analyzed averaged 3.2 x 10 g/:m'.e{:8 During the psilods of collection,
the background varied from a low of 2 x 100 g/liter to a high of 5.3 x 10
g/liter, The eguivalent concentration of bacteria in the baskground samples
was estimated by comparison of the Gy Yo Gpy methyl ester chromatographio
responses with those obtained from Serratia narcescons, The average value COrw
responded to 11 percent bacteria., The estimeted values varied from a low of
ly percent to a high of 25 percent, On this basis, the bacterial (or biological)
atmospheric background amounts to about 3.5 x 104 g/liter, which is about 1000
to 10,000 bacteria, In all atmospheris background chromatopgrams, a chromato=
graphic response corresponding to a Czp fatty acid methyl ester was noted. This
component was presented in amounts which varied from a level sbout equal to ‘the
concentration of the ramaining %-‘2 to Czp eaters to amounts present at more than
100 times that of all the Cyg to 0.y esters cumbined, We have made no effort
10 ldentlfy this component a3 yet, Typical chromatograms are shown in figure
21s table I shows a seb of values obtained for the background concentration
during Augoat,

Mieroseople examination of the collected and stained background material
indicated that more than 90 percent of the partisles were smaller tham five
micronz. No reliable estimate could be made az Yo the percent of the total
weight represented by the particles smallsr than five microns, ZFigure 22 shows
typical photomicrographs of the collected materisl,

346 Gay Chromatography

3.6,1 Columns.

Several types of pav¥ition columns ware used during these studies, These
included twe nonpolar liquid phasess silicone rubber (General Electric SE-30)
and the ether soluble portion of Apiezon W, and a polar liquid phase, diethy-
leme glycol suceinate. The nonpolar phases separated essentially according to
bolling points, while the polar phases soparated both acscording to bolling
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’ : Figure 21. Typical Chromatograms of Methyl Esters from Atmospheric
Background

P A and B are background while C is comparison against standard mixtures of
methyl esters. 53
Column conditions same as Figure 8,
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points and degree of unsaturation, The asilicone rubber can be used to LOO%Q .
maximum, while the diethylene glycol suceinate is limited to about 250°C maximum.
t The Apiegon W could be cperated at sbout 300°%, The preportich of liquid phase
to golid support used was varied fidm 1:100 to 10:100 by weight. ' o

, Several types of diatomaceous earth supports were used, These ineluded

a Chramosorb types P and W (Johns-Manville), Gas Chrom type P (Applied Science
Laboratories), and Anakrom ABS (Analytical Enginéering Laboratories), Anakrom
ABC is an aoi& and base waghed materlal whlch has been treated with a silicone
product to cover polar adsorption sites, It has been the most satisfactory
support, The support is coated by dissolving the liquid phase in a suitable

i golvent, adding the solid support, and stirring with slight heating until the

i solvent has evaporated, It is then heated overnight at 120°, after which it is
) t carefully sieved to remove lumps and fines, The columns are them packed by

— applying suction at one end by means of a mechanical vacuum pump while adding -
. : packing from the other end, A small hand=held vibrator is used to ensure tight

packing while adding the coated support to the tube,
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; . 3.,6,2 Sample Introduction

; In all cases, the lipids, falty acids, or esters were dissclved in ether
| . and injected through a silicone rubber septum into a flash evaporator maintained
i : [ : above the boiling points of the components,

i ' Table I

V
’? : ATMOSPHERIC SAMPLES COLLECTED BY ELECTROSTATIC PRECIPITATION
)
|
|
|
|

Sample Concentraction in g/liter Percent bacteria
! {ectimated)
| 1 2 x 107 12

2 _ b x 107 L

3 2,2 x 10~8 10

A b x 1078 23

5 5.3 x 1078 12

6 2.1 x .'1.0"8 17

7 2.6 x 108 17

8 2, x 1078 10
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[l 3.6.3 High-Resolution, Hi
I

" It was noted that a short column, when temperature-programmed
- from 125° to 300°, provided resolution that was comparable to that ohe
{] tained with much longer columns of the same diameter similarly programmed.
' On this basis, it was reasoned that, by decreasing the diameter of the:
column, a more even heating of the column packing from the exterior of
{ the column to the center would occur; consequently, there would be a
more even change of partition coefficients. In other words, .a .emaller-
diameter column should be more conducive to faster-temperature programming,
| This concept was tested using a Boelmsn Thermotrac linear-nonlinear
B temperature progremming oven in conjunction with a Beckmdn hydrogen-flame
detector. A 22 inch x 1/16 inch ID brass column was packed with 160/170
mesh Anakrom ABS initially coated with 2% SE-30 silicone rubber. After
conditioning, typical chromatogreame as seen in figure 23 were obtained
when either solutions of the fatty acid methyl esters from dalry butter
were injected into the column and the column temperature progrsmmed rapidly
as indicated by the dotted lines in the chromatograéma. The small-diameter
column allows much faster programming. Thus, the optimum programming rate
for a 1/L-inch-diameter column was found to be 5°/mimite, while for a 1/16-
inch~diameter column the optimum programming rate was about 20°/minute.
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These chromatograms were obtained by injecting amall ether volumes
(1 to 5 wl) containing a relatively high concentration of methyl esters
with the detector operating at an extremely insensitive attenuation (signal i
attenuated 50 x 104 times). When larger volumes of ether containing smaller
concentrations of methyl esters were injected onto- the column, additional
problems arise if the hydrogen flame detector 1s operated at high sensitivi-
ties. These problems are discussed below,

3.6.4 Column Stability

Although silicone rubber is considered to be thermally stable to
375° when used as a liquid phase in gas chromatcgraphy, column bleeding
is evident at temperatures above 300°, At such temperatures, the volatile
materials are probably compounds which are strongly retained by the ailicone
rubber and, as a result, bleed off at a more or less constant rate as
they are cerried very slowly through the column. At higher temperatures,
the silicone rubber undoubtedly is continually being decomposea slightly
to produce smaller molecules of sufficiently high vapor pressure to pass
through the c¢olumn,

A column can be clesned of objectionable molecules in the case of
normal bleeding by using a gas phase other than helium (or mixed with
helium) to shift the degree of partition of st¥ongly retarded compounds
from the liquid toward the gas phase. We have found that steam can some-
times be used successfully. In fact, a generator for producing steam as
[ a carrier gas in gas chromatography is commercially availahle for use with
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Figure 23. Rapid-Programmed Temperature Chromatograms of Butter Fatty Acid
Methyl Esters

Conditions: 22-inch x 1/16~inch ID column initially containing 2% SR on Ankrom
ABS, 160/170 mesh, Hydrogen-flame detection. Temperature programmed as
shown by dotted lines.
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the hydrogen-flame detector (Wilkens Instrument and Researeh, Ine,), A
high-beiling, organic compound which has relatively low solubility in
silicone rubber can also be used if the column temperaturvs are mulfftained
above the bolling point of that liquid. We have succeasfully used p-Giromo-
phenetole in this connection. In both cases, the column is heated to the
desired temperature and, with helium flewing through the column, large
samples (several ml) of water or the organic liquid are injected into the
hot injeection port,

Ether and other organic solvents, in which silicone rubbey is
scluble, appear to lead to a partial removal of the silicone rubber as
well as the impurities. At high hydrogen flame~detector sensitivities,
even very smali ether injections (1 to 10 ul) result in undesirable
background because of increased column bleeding; this bleeding was manifested
as extreme trailing and a baseline shift upscale, larger ether solutions
of the fatty acld methyl esters from bacteria show this effect with the
less sensitive thermal conductivity detector. 4An example is shown in
figure 2. It will be noted that trailing in the chromatogram continues
for more than ten minutes, It has been concluded that injection of the
fatty acid methyl esters in ether solutions i1s not feasible when high-
detection sensitivity is required.

One of the most time-consuming portions of the extraction-transe
esterification-gas chromatography of bacterlal fatty acid methyl esters .
is the removal of BCl, and m13-me'thanol reaction products from the
transesterification reaction mixture, It has been postulated that these
reaction products include methoxy boron compounds and alkyl chloride
structures which are formed with the release of hydrogen chloride, We
have used water to hydrolyze these reaction products. The esters are
extracted from the treated solution with ether.

The K13 and BCly-methanol compounds are volatile at low temperatures,
The boric acid formed in the dehydration reaction is not volatile, The
direct injection of the reaction mixture i1s an appealing method of shortening
the total analysis time., Unfortunately, pure methanol leads to column
bleeding in & manner similar to ether, while m13 seems to catalysze the
decomposition of the silicone rubber.

The commercial hydrogen-flame detector used in these studies has a
zero suppression control which can be used to cancel out the background
caused by colwn bleeding. However, as the column is temperature~
programmed from, for example, 50° to 350°C, the column bleed rate will
change from zero to some extremely large value; this change in bleed rate
is easily seen by the detector. Accordingly, constant zero suppression
cannot be used with a temperature-programmed column at high-detector
sensitivity. It would seem at first that programming the zero suppression
to follow the column-temperature program might be feasible. Unfortunately,
variations in the size of sample injected and the fact that background
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Figure 24. Efiect of Addition of Large Ether Samples on Gas Chromatograms

3001 ether containing fatty acid methyl esters from 50 mg S, marcescens.
Column is 5% SR on Anakrom ABS, Conditions same as Figure 12.
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electricel noise increases with increasing zero suppression would preelude
this pregramming. At the higher temperatures, the background noise may
easily be greater than the signal rdsponse of the recorder when the zere
suppression is used,

We have found that under normal operating conditions, when ether
injections larger then.sboit 10 to 20 pl are eluted from the column, the
hydrogen flame is almost invariably extinguished,

From these studies it has been concluded that, to achieve the
sensitivity of which the hydrogen flame detector is inherently capable,
the following conditions must be met: (a) a sampling system which does
not require the passage of a solvent through the column must be used;
(1) columns containing thin liquid coatings on the solid support for
short retention times and low zero suppression is required at the higher
temperatures; (c¢) for rapid temperature programming, the distance from
the outside of the column to the center of the column must be kept as
small as possible (capillary tubing would seem to be ideal); (d) if
zero suppression is required, the column must he overated isothermally
to avoid extreme baseline drift.

A system incorporating most of the features indicated above has
been designed, constructed, and the principle tested. It i1s illustrated
and discussed briefly in figure 25,

The results showed that it is possible to inject a solution of C
methyl ester in ether and vent off the ether without losing any appretiable
amount of the Og ester (see figure 26). The Cg methyl ester (methyl
pentanoate) has a beiling point of 127° at atmospheric pressure, and ether
(diethyl ether) has & boiling point of 35°. Methanol, the methyl borates,
and boron trichloride all have bolling points below 79° and should present
ne problems., A direct injectien of the BCl3-methanol-bacteria reaction
mixture, however, was not attempted.

The precolumn (ester trapping column) cannot contain a packing which
will adsorb any of the molecules. This is illustrated in fipure 27, which
shows the effect of asing alumina instead of silicon carbide to provide
a surface for the condensation of the esters, It will be noted that not
only is ether retained, but in addition, the methyl esters are not resolved,

At higher detection sensitivities than that used iu figures 26 and 27,
opening and closing the vent valve seriously disrupted the chromatosram.
This is probably caused by heating and cooling of the hydrogen flame as
the carrier gas flow was turned off and back on. With the 1/8-inch OD
packed column used in these studles, the flow rate is appreciabls to 60
ml/minute). It was believed that capillary columns might avoid this effect
because the flow through a capillary column may be 10 to 100 times less,
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Figure 25. Proposed Chromatograph for Achleving Increased Sensitivity and
Decreased Analysis Time

:
H
E
£
&
:

An ether or methanol-BCl,, solution of methyl esters is injected at B with C at
room temperature and D v%nted to the atmosphere. After flushing out the solvent
through D, D is closed directing the gas flow through E and F. C is then heated
rapidly to about 300°C resulting in transfer of the esters to E. The esters are
eluted from E and sensed with detector F.
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Figure 26. Methyl Ester Chromatogram With and Without Solvent Venting

Conditions: Column 178" x 1.5 meter, 5% SR on 180/170 Anakrom ABS,
isothermal at 70°C. Sample size 30ul containing 2.5 x 10-7 g/k1, of Cs methyl
ester, Hydrogen flame detector, electrometer 1/5000 maximum sensitivity.
Precolumn filled with silicon carbide 100/120 mesh.

A. with venting

B. without venting
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Figure 27, Effect of Alumina in Precolumn

Conditions: Same as figure 25 except precolumn was filled with 100/120 mesh

alumina.
A. 30ul ether with venting
B. 30u1 of other solution of Cs5 methyl ester with venting
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,; Figure 28 shows the behavior of a mixture of methyl esters using the ! 4
] ' sampling technique above.

An experimental gas chromatograph was designed and constructed to
provide for easy adaptation to a variety of experimental injection syatems,
columns, and detectors. Photographs of this design are shown in figure 29,
- along with the schematic electrical disgram. A precolumn consisting of L
!} feet of 1/16~inch 0D by 0.020-inch ID capillary tubing was used for this
o application. It was electrically insulated at one end snd connected to
& 6-volt AC source. Under these conditions, the column itself became a
: resistive hoating element. 1In this way, extremely rapid heating of the
- . L precolumn was achieved. Because of the detector and; to some extent,

: electrometer troubles, it wes impossivle to check this instrument at -
e this time for sensitivity and speed.

s bl b s, Al kil )

3.6.% Argon Ionization Detector

i According to Lovelock,3h the argon lonimation detector should be

] approximately 103 times as sensitive as the hydrogen-flame detector. Its \
performance is seriously impaired by the presancé of air or water vapor _‘

in the carrier gas snd;, as a conssguence, this higher sensitivity is seldom (

: reallzed. It also has 2 smaller renge over which its response is linear |

with sample concentration. The design and construction of the deteztor

also affect iis sensitivity.

Tritium embedded in a strip of metal is generally used as the beta
emitter for the argon ionization detector. The detector temperature,
. however, must be maintained above 200° for the methyl ester anglyais to
avoid condensation within the detector. At thess temperatures, tritium
is rapidly removed from the metal strip. Accordingly, a different emitter
must be used. Sources that can be used at this source at 200°C and
higher include SR90, Pmlh7  Ra226, and Ra-D.

For a preliminary feasibility determination, a Barber-Coleman argon
ionization detector, utilizing Ra220 gs the ionizing source, was used,
This detector was found to be unsuiteble. At an electrometer sensitivity
which provided a noise level of 5 percent on a 1 mv recorder, the meximum
detection sensitivity was only 10-0O grams for a C,) methyl ester. This
would corvespond to only about 10-6 gram of bacteria. In gddition,
increasing the sgmple concentration by only a factor of 10 to 100 times
the maximum detection sensitivity »t this moise level resulted in anomolous
behavior as shown in figure 30. In the chromatogramas of this figure, pesk
reversal 1s seen, This reversal has been accounted for by sssuming that,
up to a certain concentr,tion; the molecules begin tc absorb or capture
the electrons and s reverse peak occurs, Accordingly, these should he a
region at which the compound ionization and electron capture aspects are
equal and no response will oceur. An gpproach to this situation can be
seen in figure 30,
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Figure 28. Chromatogram of Methyl Ester Mixture

Same conditions as figure 25 except column temperature 180°C,
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Figure 28. Experimental Gas Chromatograph
A, Hydrogen Flame detector, exploded view.
B. Assembled Gas Chromatograph

C. Column Oven Chamber

D. Schematic Wiring diagram of Column Oven
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Figure 30. Effect of Argon Ionization Detector Overloading

Column is SE-30 polyester. Isothermal at 225°C.

A. 1x10-5g. of C14 in 0.44 ether, 1/1600 maximum electrometer sensitivity.
B. 2x10-9g. of C14 in 0,841 ether, 1/800 maximum electrometer sensitivity.

C. 4x10-9g. of C14 in 1/641 ether, 1/400 maximum electrometer sensitivity.
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It is possible that the high noise level is associated with the
emission of alpha and gamma reys from the radium. ~The detector design
may also be involved, No attempt has been made _to modify the detector.

3.6,6 Hy- Flame Detector Sensitivity

" A preliminary study was made of the practical sensitivity of the

Beckman hydrogen-flame detector and electrometer. Ior this, a typical

methyl ester was used with the electrometer attentuated to 1/5000
the maximum sensitivity. { extrapolating the results to maximum sensi-
tivity, a value of 3,6 x 10-11l gram of Cy), fatty acid should be realized
assuming a signal-to-npise ratio of 10 to 1 for detection. This would
correspond to approximately 5 x 10-9 grams of Serratia marcescens which
could be detected. Unfortunately, the noise level of the Beckmen unit
is vory high at maximum sensitivities, as noted in figure 31. In this
figure, it can be seen that, for a noise lavel of 2.5 percent of fulla
scale response on a 1 mv recorder, an attenuation of 1/50 meximum sensitivity
is required. Accordingly, the practical maximum sensitivity of this
unit for recording concentration profiles lies between 10~8" and 10-9
grams nf a pure culture of bacterla. Better electronic components and
shielding might increase this sensitivity by one or two orders of
magnitude.
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Figure 31. Noise Level for Beckman Hydrogen Flame Detector and Electrometer

1.0 mv full scale response. Column is SE-30 silicone rubber on Anakrom ABS
operating at 180°C.

A,
Bl
C.
D.
E'

1/50 maximum sensitivity
1/20 maximum sensitivity
1/10 maximum sensitivity
1/5 maximum sensitivity
1/2 maximum sensitivity
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L. CONCLUSIONS

Approximately 80 percent of the effort in this feasibility study
was directed toward the use of bacterial lipid methyl esters in estab-
lishing the concept of the Concentration Profile for the detection and
identification of microorganisms, The remainder of the effort was
directed toward a brief study of the bilological background normally
present in the atmosphere and other gas chromatographiec, spectrophoto-
metric, pyrolytic, and mass spectrometric techniques as possible
methods for use in the Concentration Protfile concept.

It ha: become apparent that the gas chromatographic approach
developed during this study has potential in both detection and
identification., It has been shown that bacterial families have
distinctly similar profiles and that large differences exist among
different families, The method shows promise of being very sensitive
to pure cultures of bacteria or to cultures which have other bacterial
or biological contamirants present in very low concentrations,

The feasibility of the Concentration Profile concept has been
demonstrated. The lipld methyl ester Concentration Profile method
appears Lo be polentially capable of use for rapid detection of
bacteria, A1 present, however, it would seem to be more applicable
to the identification of bacteria if some additional method of sep-
arating mixtures of bacteria into pure culturecs were used,

A high background level was notad during the final months of
this study. The total particulate concentration in the atmospheric
background varied from 2 x 10~8 g/1 to0 5.3 x 10-8 g/1, while the
percentape of partlculate material estimated to be bacterial in nature
varied from L to 25 percent. On this basis, the normal bacterial level
could bo expu.ted to vary from 8 x 10-10 g/liter (about 1000 organisms)
to about 1,3 x 108 g/1liter (about 10.000 organisms), Because the
method appears to have a potential sensitivity of 10-9 g bacteria, and
because biological aercsols produced for military purposes would result
in concentrations of 109 to 10-1} grams of organisms per liter it
bocomes aprparent that background presonts a sorious problem in the
apglicalion of this method directly to atmospheric collection without
prior separation. Viable organisms are normally present in the atmos-
phere at concentrations of less than 1 organism/liter. Accordingly,
a method which could rapidly and continuously separate atmospheric
organisms into viable and nonviable portions would do much to mgke
this or a similar method feasible. The only methods now availgble for
this are those which involve culturing the ccllected purilcles for more
than 12 hours, Logically, a detectlion method based on viable organiams
would be poerferred,

Unlike conventional biological techniques, chemical methods will
analyze both viable and nonviable organisms indiscriminately, This is
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both an advantage and a disadvantage. For zero atmospheric background,
it would be an advantage because aerosol production and dissemination
results in a relativelg high death rate for the organisms, particularly
for nonspore formers.3? On the other hand, as noted above, the normal

presence of nonviable bacteria in the atmosphere complicates the analysis.

It is to be concluded that befdre any Concentration Profile technique
making use of variaticns in chemicals common to all bacteria can be used
successfully, a significant amount of effort and research must be directed
toward the development of effective, rapid methods of separating
bacteria according to species,

Two types of detection methods were investigated during this
study: (a) optical property sensors and (b) ionization sensing
devices, In the first category can be placed the spectrophotometric
methods, while in the second can be placed gas chromatography and mass
spentrometry which utilize the formation and collection of ions, Of
these two types of detection, the ionization type appears to offer the
greatest sensitivity using present state-of-the-art components and
techniques,
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_methods of analyzing lipids by gas chromatography also required many

5.  RECOMMENDATIONS FOR FURTHER RESEARCH
5.1 Gas Chromatographic Studies

It is apparent that only "the surface has been scratched" by
this feasibility study into the use of the concept of the ooncentration
profile. Indeed, the use of lipid methyl esters and gas chromatography
in determining such profiles for the identification of bacteria has,
for all practical purposes, only begun, This method, which makes use
of a class of compounds present in all microorganisms; is only one of
a number which could be practical. For example: The analysis of
amino acids through their conversion to aldehydes with subsequent .
analysis by gas chromatography is feasible,36, 37 Operating a -
precolumn of diatomaceous earth impregnated with Ninhydrin at 130°,
the amino acids can be transformed instantaneously to the corresponding
aldehydes, separated by gas chromatography and detected by hydrogen
flame ionization. OSimilar systems can be envisioned for the carbohydrate
portions of microorganisms,

The svccess of any such method as noted above for microorganism
detectlon would be dependent upon the development of rapld methods of
hydrolysis, because present methods require several hours to days
for completion.

In this regard, however, it should be recalled that the provious
hours to days to accomplish., A significant inc¢rease in speed has been

achieved in this area, and related areas should be just as available
to improvement.

Another area similar in nature is the aﬂalysis of the products
of controiled pyrolysis of bacteria, Janak3" has pointed out that,
whei a substance is pyrolyzed in the carrier gas of a gas chromatograph,
1he products are immediately diluted ard, under these conditions,
pyrolysis does not follow the normal rrocess that occurs on a larger
scale, The method appears to be reproducible and, like oiher gas
chromatographic methods, would not be influenced by the presence of
inorganic contaminats.

Total pyrolysis may also offer a method for obtaining distinctive
concentration profiles, The total pyrolysis products are, however,
fewer in number and weuld, accordingly, not oft'er as many variables
for monitoring purposes as in the extraction methods discussed.

5.2 Tonization Methods

The most sensitive detection of gas chromatographic components
is afforded by ionization methods, In addition, the simple combustion
of entire microorganisms in a hydrogen flame and detection of the
resulting ions might offer a nondiscriminatory background detecting
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device vhich might find some application in these studiesc TFor ex-
ample: Variations in the background level of atmospheric contaminants
regulting from the presence of spores and bacteria would occur from
day to day and hour to hour depending upon the climatic conditions as
well as the sporolation of plants or fungi, These natural variations
would be somewhat gradual, whereas an artificlally produced aeroseol
would be expected to pass a sampling station in less than one minute.
The response caused by natural variations, would, accordingly, be a
gradual change in readout response, while the response caused by
artificially produced aerosol might appeas as a superimposed spike.

The combination of controlled or total pyrolysis combined with
simplified mass spectrometric methods could bo a powerful approach
because a concentration profile of predetermined constituents could be
made on a continuous and simultansous basis. As indicated earlier,
the proper choice of operating parameters simplifies the interpretation
of mass spectrometric results; as a result mass spectrometry, is more
feasible for this applieation.

5.3 Spectrophotomeric Methods

Fluorescence methods and microspectrophotometric methods are some
of the most sensitive methods of analysis. Many common organic
materials, however, will interfere with the measurements carried out
by this means. As with all methods, collecting, handling, and chemically
treating the orpganisms on such an extreme micro scale would present the
most obvious obstacles to use of these methods. On the other hand, it
is known that certain chemicals are unique to microorganisms,l and it
appears highly probable that certain chemiecals are unique to pathogenic
organisms, Studies into this very fundamental area of research could
be facilitated prcatly by spectrophotomertic techniques., If such
compounds are found, the development of sensitive methods of analysis
¢could also bo feasible, particularly if the background material presents
a major spectral interference,

5.4 Collection and Separation

5.h.1 Jollection

large capacity collection devices are now available and improved
versions are under development. Such devices or methods as electro-
static precipitation and impingement techniques are quite practical,
Theae approaches, however;, should have incorporated in them a means
for delivering sample to the chemical detection instruments on a
continucus basis,

5.L.2 Separation
The high blological background present in the atmosphere indicates
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that the success of anmy method based upon the concentration profils

of chemicals common to all micrcorganisms will be largely dependent
upon the development of complimentary separatory methods and
facilities, Separatory methods might include one or more of the
following: (a) separation based on particulate size and/or density

to eliminate pollen and inorganic material; (b) separation based upon
viability, (because the normal background contains less than one

viable microorganism per liter, such g process would simplify detection
considerably); (c) separation based upon electrephysical properties,
such as migration in an clectric field beczuse of surface charge

differences,

Impingment techniques are fairly well established as methods
for separating alrborne particles on the basis of size, Separations
based upon viability are established in conventional bioclinical
analysis and involve the culturing of collected samples. Unfortunately,
this requires many hours to several days., Electrophoretie methods of
separating hacteria have been appiied with some success. Further work

in all of these areas is required,
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